1. Introduction {#sec1-molecules-25-02597}
===============

Breast cancer is the most common malignancy among women and is a major public health problem \[[@B1-molecules-25-02597]\]. The MCF7 cell line is a frequently used cell line of breast cancer and was originally isolated from the pleural effusion of a 69-year-old woman with metastatic disease \[[@B2-molecules-25-02597]\]. The use of the MCF7 cell line has produced more practical data for patient care than any other cell line of breast cancer \[[@B3-molecules-25-02597]\]. It is estrogen receptor (ER)-positive and progesterone receptor (PR)-positive \[[@B4-molecules-25-02597]\]. Furthermore, MCF7 is a poorly aggressive and non-invasive cell line \[[@B5-molecules-25-02597]\], usually thought of as having poor metastatic ability \[[@B4-molecules-25-02597]\].

The chemotherapeutic drug doxorubicin (DOX) causes anticancer activity by the induction of DNA damage and the production of reactive oxygen species (ROS) \[[@B6-molecules-25-02597]\], which lead to cell cycle arrest and other senescence biomarkers \[[@B7-molecules-25-02597],[@B8-molecules-25-02597]\]. One of the most interesting ways to treat metastatic breast cancer is through DOX-based regimens \[[@B9-molecules-25-02597],[@B10-molecules-25-02597]\]. DOX is also the most efficient and frequently used anthracycline drug against multiple malignancies. Unfortunately, its clinical application is limited by dose-based and essentially irreversible cardiotoxicity, leading to cardiomyopathy and congestive heart failure \[[@B11-molecules-25-02597]\].

Phoenix dactylifera contains many phytochemical constituents including phenolics and flavonoids such as quercetin (Q) and rutin (R). Besides its nutritional role, P. dactylifera contains amino acids, carbohydrates, vitamins, and minerals \[[@B12-molecules-25-02597]\]. Ajwa dates are a special type of P. dactylifera that is chiefly cultivated in Al-Madina Al-Munawwarah, Saudi Arabia \[[@B13-molecules-25-02597]\]. The anticancer effect of Ajwa-dates has been reported against MCF7 \[[@B14-molecules-25-02597]\] and human hepatocellular carcinoma (HepG2) cells \[[@B15-molecules-25-02597]\] in vitro by inducing apoptosis and cell cycle arrest.

Cancer nano-therapy is growing rapidly and is being implemented to overcome many shortcomings of drugs such as non-specific targeting, water solubility inadequacy, and low oral bioavailability \[[@B16-molecules-25-02597]\]. Nanoformulation enhances the delivery of natural compounds to fight cancer \[[@B17-molecules-25-02597],[@B18-molecules-25-02597],[@B19-molecules-25-02597]\]. Natural therapy in combination with chemotherapy has long been used in cancer therapy to both improve the anticancer effects of chemotherapy and to counter its side effects \[[@B20-molecules-25-02597]\]. Therefore, the current study investigated the potential effect of nanoformulated Ajwa bioactive compounds (BAC), namely R and Q, on DOX anticancer efficacy and safety (DOX-mediated cardiac toxicity) in transplanted MCF7 breast cancer.

2. Results {#sec2-molecules-25-02597}
==========

2.1. RQ-NPs Size and Entrapping Efficiency {#sec2dot1-molecules-25-02597}
------------------------------------------

The size distribution of RQ-NPs in aqueous solution was 200 nm ([Figure 1](#molecules-25-02597-f001){ref-type="fig"}), and the entrapment efficiency of the RQ-NPs was found to be around 70%.

2.2. Effect of DOX and RQ-NPs on Body Weight {#sec2dot2-molecules-25-02597}
--------------------------------------------

There were no significant changes due to treatments with DOX, RQ-NPs, or their combination on the body weights of mice implanted with MCF7 cells ([Figure 2](#molecules-25-02597-f002){ref-type="fig"}).

2.3. Effect of DOX and RQ-NPs on Tumor Volume {#sec2dot3-molecules-25-02597}
---------------------------------------------

Tumor volumes (mm^3^) of mice in the DOX treated group were significantly decreased on Days 7 and 11 (*p* \< 0.01), while in the RQ-NP group, the tumor volumes had no differences in comparison with the control ([Figure 3](#molecules-25-02597-f003){ref-type="fig"}). The combination of DOX and RQ-NPs significantly deceased (*p* \< 0.01) the tumor volume at Day 11 only when compared with the control. Generally, the tumor volume was significantly decreased for DOX (*p* \< 0.01) and DOX + RQ-NP (*p* \< 0.01) treated mice compared with the control group, while mice in the DOX group showed a significant (*p* \< 0.05) reduction in tumor volume compared with DOX + RQ-NPs.

2.4. Effect of DOX and RQ-NPs on Tumor Weight {#sec2dot4-molecules-25-02597}
---------------------------------------------

The results shown in [Figure 4](#molecules-25-02597-f004){ref-type="fig"} revealed a significant reduction (*p* \< 0.01) in tumor weight in the DOX and DOX + RQ-NPs groups in comparison with the control. Furthermore, both groups showed a significant reduction in tumor weight (*p* \< 0.01) compared with the RQ-NP group.

2.5. Effect of DOX and RQ-NPs on Plasma cTn-I Levels {#sec2dot5-molecules-25-02597}
----------------------------------------------------

Mice in the RQ-NP group exhibited a significant reduction (*p* \< 0.05) in plasma cTn-I levels (ng/mL) on Day 11 compared with Day 0 of the same group, while in the DOX and DOX + RQ-NP groups, there were significant increases (*p* \< 0.001) in cTn-I levels. DOX + RQ-NP treated mice exhibited a significant decrease (*p* \< 0.01) in cTn-I levels when compared with DOX treated mice ([Figure 5](#molecules-25-02597-f005){ref-type="fig"}).

2.6. Effect of DOX and RQ-NPs on Heart Histopathology {#sec2dot6-molecules-25-02597}
-----------------------------------------------------

The RQ-NP treated group showed a normal myocardial morphology, approximately the same as the control ([Figure 6](#molecules-25-02597-f006){ref-type="fig"}). The cardiac morphology of DOX treated mice showed extensive cellular disarrangement, cytoplasmic vacuolization, and cell death, while in DOX + RQ-NP treated mice, the cardiomyocyte vacuolization was completely reduced with RQ-NP treatment.

3. Discussion {#sec3-molecules-25-02597}
=============

DOX is an efficient chemotherapeutic anticancer therapeutic for many malignancies, including breast cancer. In the current study, DOX induced significant reductions in tumor volume and weight compared with control RQ-NPs, while in DOX + RQ-NPs, RQ-NPs did not induce a significant effect on DOX efficacy against MCF7 implantation in mice. On the contrary, some studies revealed a significant potentiation of DOX efficacy when Q was encapsulated with other nanoparticles. For example, Q enhanced DOX efficacy against DOX-resistant prostate cancer cells (PC-3/R) by downregulating the expression of the c-met and phosphoinositide 3-kinases/protein kinase B (AKT) pathway in vitro \[[@B21-molecules-25-02597]\]. In addition, Q and DOX mesoporous silica nanoparticle encapsulation strengthened the DOX efficacy against gastric carcinoma (SGC7901/ADR) in vitro \[[@B22-molecules-25-02597]\]. Chitosan, Q, and citraconic anhydride were formulated to enhance the anticancer effect of DOX on MCF7/ADR in vitro \[[@B23-molecules-25-02597]\]. MCF7/ADR also demonstrated greater responsiveness to Q and DOX co-encapsulated with biotin receptor targeting nanoparticles both in vitro and in vivo \[[@B24-molecules-25-02597]\]. Li et al. \[[@B25-molecules-25-02597]\] stated that Q can increase intracellular accumulation of DOX in breast cancer cell lines (MCF7 and MDA-MB-231) by downregulating the expressions of P-gp, BCRP, and MRP1 expressions, thus potentiating DOX anticancer activity.

DOX is a cytotoxic drug commonly used in various procedures for chemotherapy. However, DOX induced severe side effects such as cardiotoxicity \[[@B26-molecules-25-02597]\]. DOX accumulated in cardiac muscles' mitochondria because of its high affinity to cardiolipin, a phospholipid that is distinctively present in the inner mitochondrial membrane \[[@B27-molecules-25-02597]\]. DOX mediated mitochondrial dysfunction caused by ROS and subsequently increased the oxidative stress that caused cardiomyopathies \[[@B28-molecules-25-02597]\], observed by increased myocardial oxidized phospholipids \[[@B29-molecules-25-02597]\] and elevated plasma cTn-I levels \[[@B30-molecules-25-02597]\]. In the general sense of autophagy and mitophagy processes, DOX induced cardiotoxicity and cell mortality \[[@B26-molecules-25-02597]\]. In the current study, Ajwa BAC significantly protected the cardiac muscles from the cardiomyopathy alterations that were induced by elevated ROS due to the antioxidant potential of Ajwa BAC active ingredients, especially Q and R. The same results were achieved by Shi et al. \[[@B31-molecules-25-02597]\], who reported that a combined DOX and Q treatment significantly increased the superoxide dismutase (SOD) activity and reduced the heart content of malondialdehyde (MDA), which counteracted DOX induced oxidative stress. Q treatment before DOX increased cell viability, SOD, catalase, and glutathione peroxidase activities and decreased MDA and ROS levels \[[@B32-molecules-25-02597]\]. Q enhanced the antioxidant potential of cardiac muscle against DOX associated oxidative stress through significant increases in nuclear factor erythroid derived-2 mRNA expression \[[@B33-molecules-25-02597]\]. Furthermore, Q protected mice had enhanced expression of Bmi-1 and antioxidative SOD against heart failure, followed by decreased ROS and lipid peroxidation \[[@B34-molecules-25-02597]\]. On a proteomic analysis basis, Q attenuated oxidative changes in cardiomyocyte cells (H9c2) associated with DOX via the regulation of metabolic activation, protein folding, and cytoskeleton rearrangement \[[@B35-molecules-25-02597]\].

Furthermore, R decreased heart failure caused by DOX by inhibiting autophagy and apoptosis by inhibition of AKT signaling \[[@B36-molecules-25-02597]\]. Mandziuk et al. \[[@B37-molecules-25-02597]\] observed a significant protective role of R against apoptotic and morphological changes induced by DOX in cardiomyocytes (H9c2).

4. Materials and Methods {#sec4-molecules-25-02597}
========================

4.1. Materials {#sec4dot1-molecules-25-02597}
--------------

The MCF7 (human breast cancer cell line) cell line was purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). All cell culture reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA). ELISA kits for measuring cardiac troponin-I (cTn-I) levels were obtained from Life Diagnostics, Inc. (West Chester, PA, USA). DOX and the Ajwa bioactive compounds R and Q were obtained from Sigma-Aldrich.

4.2. Cell Culture {#sec4dot2-molecules-25-02597}
-----------------

MCF7 was cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% penicillin, and 1% streptomycin and maintained at 37 °C in an incubator with a humidifier atmosphere of 5% CO~2~.

4.3. Nanoformulation, Characterization, and Entrapment Efficiency {#sec4dot3-molecules-25-02597}
-----------------------------------------------------------------

R- and Q-nanoparticles (RQ-NPs) were synthesized by modifying a previously described method \[[@B38-molecules-25-02597],[@B39-molecules-25-02597],[@B40-molecules-25-02597]\]. The optimized method of encapsulation of R/Q with poly(lactic-co-glycolic acid) (PLGA)/1, 2-distearoyl-sn-glycero-3-phosphoethanolamine-poly(ethylene glycol) (DSPE-PEG) nanoparticles involved dissolving 400 mg PLGA in 4 mL ethyl acetate. This solution was added to 20 mg of R + Q, 10 mg each, and mixed well. Finally, fifty microliters of DSPE-PEG (25 mg/mL) were added, and the solution was mixed again. The entire solution was added to 20 mL of 2% polyvinyl alcohol, and the resultant mixture was sonicated intermittently for 90 s. Ethyl acetate and the free R and Q were removed by dialysis. To the dialyzed solution using a dialysis membrane bag with a membrane cutoff of 6--8 kDa, one gram of sucrose was added (as a cryoprotectant), and the entire solution was freeze dried.

To assess the stability of RQ-NPs, samples were added to 5 mL glass vials, sealed with plastic caps, and placed in an accelerated stability chamber at a temperature of 37 °C ± 2 °C with a relative humidity of 65 ± 5%. The in vitro release kinetics of R/Q from the RQ-NPs were investigated with a dialysis method with fresh release medium. In brief, two milliliters of a solution of RQ-NPs or free R/Q were dissolved in PBS solution, added to a dialysis bag (molecular weight cutoff of 6--8 kDa), and dialyzed against 20 mL of release medium under gentle stirring with a paddle revolving at 100 rpm at a temperature of 37 °C. At designated time intervals, five-hundred microliter aliquots of external release media were withdrawn, after which the dialysis buffer was replenished with an equal volume of fresh medium and returned to suspension. The withdrawn medium was centrifuged at 5000× *g* for 5 min at 4 °C, and the supernatant content of released R/Q in the supernatant was determined with high-performance liquid chromatography (HPLC, Waters Corporation, Milford, MA, USA).

The size distribution of the synthesized nanoparticles (RQ-NPs) in aqueous dispersions was determined using a Malvern zeta sizer (Malvern Instrumentation Co, Westborough, MA, USA). Fifty milligrams of the lyophilized nanoparticles were resuspended in 2 mL of DI water and by placing this nanoparticle solution into a 3 mL, 4-sided, clear plastic cuvette and measured directly.

The amount of drug (R/Q) encapsulated in the nanoparticles was determined using ultraviolet--visible (UV-Vis) spectroscopy (Waters Corporation, Milford, MA USA) to measure R absorbance at λ 363 nm and Q absorbance at 557 nm and comparing with standard curves.

The amount of R/Q in the nanoparticles was determined by disintegrating the nanoparticles and measuring R/Q with UV-Vis spectroscopy. First, the amount of free R/Q (not encapsulated) was separated by filtering through a Millipore (Burlington, MA, USA) centrifugal device with a 3 kDa cut-off, assisted by centrifugation, at around 6500 rpm for 30 min. A measured known amount of RQ-NPs was disintegrated by adding an acetic acid solution. The entire solution was passed through the Millipore filtration centrifugal device and centrifuged as before to separate the R/Q. The R/Q concentration of the centrifugate/filtrate was then determined using a Nanodrop 2000C UV-Vis spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).

The entrapment efficiency was determined with the following formula: where \[Drug\]f is the concentration of R or Q in the nanoparticles and \[Drug\]t is the theoretical concentration of the drug (meaning total amount of R/Q added initially).

4.4. Animals {#sec4dot4-molecules-25-02597}
------------

Immune-deficient female Ncr nude homozygous mice (4--5 weeks of age, 15--20 g weight) were purchased from Taconic Biosciences, Inc. (Germantown, NY, USA). All animal studies were conducted at the animal facility of the Veteran Affairs Medical Center, Albany, NY, USA, in accordance with and approved by current institutional guidelines for humane animal treatment (Approval No.: 545,017 and Title: "Evaluation of Novel anticancer strategies in mouse model"). Mice were maintained under specific pathogen-free conditions and housed under controlled temperature (20--40 °C) and humidity (60--70%) and a 12 h light/dark cycle with ad libitum access to water and food. Mice were acclimatized for 5 days before the study.

4.5. Tumor Implantation and Treatment {#sec4dot5-molecules-25-02597}
-------------------------------------

Mice were orthotopically implanted in each flank with 2 × 106 cells suspended in 100 μL of media with 50% Matrigel^®^ to achieve two independent tumors per animal. Immediately prior to initiation of treatments, animals were randomized into four groups (three animals in each group) by tumor volumes measured with Vernier calipers. DOX was dosed daily at 1 mg/kg body weight of mice by subcutaneous (SC) injection, at Day 4 after MCF7 cancer cell implantation (after detection of a palpable tumor mass) with or without treatment with 5 mg RQ-NPs/kg, SC daily for 11 consecutive days. After that, animals were sacrificed, and tumors were collected for determination of tumor weights.

4.6. Determination of cTn-I Levels {#sec4dot6-molecules-25-02597}
----------------------------------

Mice were anesthetized using 2% isoflurane, and blood was collected from the retroorbital plexus on the day before surgery (Day 0) and at the end of the treatment (Day 11). Plasma was separated by centrifugation at 2000× *g* for 15 min and used to determine cTn-I levels.

4.7. Histopathological Examination {#sec4dot7-molecules-25-02597}
----------------------------------

Heart specimens were fixed in 10% formalin and processed for paraffin sections of 4 μm thickness. Sections were stained with Hematoxylin and Eosin (H&E) and examined under a light microscope (Leica DM1000, Buffalo Grove, IL, USA).

4.8. Statistical Analysis {#sec4dot8-molecules-25-02597}
-------------------------

Results are expressed as the mean ± standard deviation. Statistical differences between groups were assessed using the paired Student's *t*-test. *p* \< 0.05 was considered as significant.

5. Conclusions {#sec5-molecules-25-02597}
==============

Our results revealed that nanoformulated Ajwa bioactive ingredients protected against body weight loss induced by DOX and did not interfere with DOX anticancer effects against MCF7 implanted cancer cells in this mouse model. Interestingly, nanoformulated Ajwa bioactive ingredients also protected the MCF7 implanted mice from the well-known myocardiopathy that is caused by DOX, as was evident from the reversal of the cardiac marker troponin I and cardiac tissue injury based on histopathological assessment.
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![Size measurement of rutin-quercetin NPs (RQ-NPs) using dynamic light scattering (DLS). Average particle size is around 200 nm in diameter: Polydispersity index (PDI) = 0.169.](molecules-25-02597-g001){#molecules-25-02597-f001}

![Effect of DOX + rutin and quercetin (RQ)-NPs, doxorubicin (DOX), and their combination on body weight (g). Values are expressed as the mean ± SEM.](molecules-25-02597-g002){#molecules-25-02597-f002}

![Effect of DOX + RQ-NPs, doxorubicin (DOX), and their combination on tumor volume (mm^3^). Values are expressed as the mean ± SEM. \* *p* \< 0.05, \*\* *p* \< 0.01.](molecules-25-02597-g003){#molecules-25-02597-f003}

![Effect of DOX + RQ-NPs, doxorubicin (DOX), and their combination on tumor weight (g). Values are expressed as the mean ± SEM. \* *p* \< 0.05, \*\* *p* \< 0.01.](molecules-25-02597-g004){#molecules-25-02597-f004}

![Effect of DOX + RQ-NPs, doxorubicin (DOX), and their combination on plasma troponin I levels (cTn-I). Values are expressed as the mean ± SEM. \* *p* \< 0.05, \*\* *p* \< 0.01, and \*\*\* *p* \< 0.001. NS means nonsignificant.](molecules-25-02597-g005){#molecules-25-02597-f005}

![Effect of DOX + RQ-NPs, doxorubicin (DOX), and their combination on cardiac tissue histopathology. The control (PBS treated mice) shows normal myocardial morphology. RQ-NP treated mice show normal myocardial morphology. DOX treated mice show damaged hearts with extensive disarrangement, cytoplasmic vacuolization, and cell death (yellow arrows) with macrophage infiltration (green arrow). DOX + RQ-NP treated mice show that the cardiomyocyte vacuolization was completely reduced with Ajwa bioactive compound (BAC) treatment.](molecules-25-02597-g006){#molecules-25-02597-f006}
